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Recent advances in our understanding of axon guidance
during neural development are highlighted by the char-
acterization of several gene families containing mem-
bers capable of functioning as repellents. These include
ephrins, netrins, and semaphorins. Though future work
will undoubtedly result in the identification of still more
repellents, the wealth of information now in hand con-
cerning the cellular and molecular basis of repulsive
guidance demands that we turn our attention toward
how these repulsive cues actually direct discrete steer-
ing events. Pharmacological experiments are beginning
to provide important insights into the basis of repulsive
guidance signaling mechanisms in cell culture (Song et
al., 1998). However, the characterization of endogenous
receptors through which these cues transduce extracel-
lular signals is paramount to addressing this issue in
vivo. The knowledge that Eph receptor tyrosine kinases
(RTKs) function as ephrin receptors and that UNC40 and
UNC5 gene family members function as netrin receptors
provides important clues for characterizing the intracel-
lular signaling pathways activated by these guidance
cues. The identification of semaphorin receptors, how-
ever, is only now beginning to point the way toward
elucidating the signaling pathways used by semaphorins
during neural development to direct extending growth
Figure 1. Semaphorins and Their Receptors
cones away from inappropriate targets.
A schematic representation of semaphorin receptor/ligand inter-The semaphorins are a large family of phylogenetically actions (arrows) identified thus far. The eight known semaphorin
conserved secreted and transmembrane proteins (see classes are shown (1±7 plus ªVº [viral semaphorins]), as are the two
Figure 1 for description of the semaphorin family), many known plexin classes and the neuropilins. All vertebrate plexins
except VESPR have the same overall structure as that depicted formembers of which can mediate repulsive guidance
Drosophila Plexin A. Amino-terminal labels denote specific proteinsevents during neural development (Mark et al., 1997).
discussed in text, and color coding denotes structural motifs. TheAll semaphorins have a conserved z500 amino acid
structural motifs in the extracellular domains of neuropilins are notextracellular semaphorin (Sema) domain. To date within related in any way to the extracellular domains of plexins. Ig, im-
the semaphorin family, secreted and transmembrane munoglobulin; GPI, glycosylphosphatidylinositol-linked; MRS, Met-
semaphorins belonging to classes 1, 2, and 3 have been related sequences; G-P, glycine proline repeats.
best characterized functionally at the cellular level. For
example, extensive work from many groups demon-
strates that semaphorin III/collapsin-1 (Sema III) in verte- cues, showing that semaphorins are bifunctional (Wong
brates can function as a potent chemorepellent both in et al., 1997; Bagnard et al., 1998; Song et al., 1998).
vitro and in vivo and strongly suggests that other class Several class 3 semaphorins bind to and require neu-
3 semaphorins are likely to function in a similar fashion. ropilins, a small family of transmembrane proteins (Fig-
In Drosophila, the class 1 transmembrane semaphorin ure 1), for transducing repulsive guidance signals (Chen
Sema 1a has also been shown to function as a repellent et al., 1998). Neuropilins, however, have very short cyto-
during neural development, demonstrating that both se- plasmic domains that contain no obvious signaling mo-
creted and transmembrane semaphorins can act as re- tifs and that are dispensable for repulsive semaphorin
pulsive guidance cues (Yu et al., 1998). In addition, both guidance (Nakamura et al., 1998). This strongly suggests
the class 1 semaphorin G/Sema I in grasshopper and that neuropilins serve an essential role in assembling
the vertebrate class 3 semaphorins Sema III and Sema a receptor complex that includes an as yet unknown
E can function as permissive or attractive axon guidance transmembrane signaling component. Indeed, neuropi-
lin-1 also serves as a receptor component for an isoform
of vascular endothelial growth factor (VEGF165; unrelated* To whom correspondance should be addressed (e-mail: kolodkin@
jhmi.edu). to semaphorins), augmenting a functional response to
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VEGF165 by the RTK KDR/Flk-1 (Soker et al., 1998). At they might be involved in matching optic nerve fibers
with their tectal targets. Subsequently, three mousepresent, there are no clear predictions about the nature
plexins (plexins 1, 2, and 3) were identified by homologyof the transmembrane signaling component that inter-
with plexin-1 (Fujisawa et al., 1997), and their humanacts with a class 3 semaphorin/neuropilin complex to
homologs (NOV, OCT, and SEX) were independentlyinitiate growth cone±steering responses; CRMP and
identified as MET-related proteins (see below; MaestriniRac1, however, have been implicated as downstream
et al., 1996).cytosolic Sema III signaling components (Goshima et
Given the observations that vertebrate plexins consti-al., 1995; Jin and Strittmatter, 1997).
tute a novel family of neuronal transmembrane proteinsRecently, a major advance in our understanding of
and that the divergent plexin VESPR is a receptor forsemaphorin-mediated guidance events has been made
viral semaphorins, Winberg et al. (1998) sought to deter-with the observation that a family of transmembrane
mine if plexins are functional semaphorin receptors inproteins distinct from neuropilins, the plexins, includes
the nervous system. Two plexins were found in Drosoph-members capable of serving as semaphorin receptors
ila, Plex A and Plex B. Both fly plexins are quite similarboth in the immune system and in the nervous system
to vertebrate plexins with respect to the type, number,(Comeau et al., 1998; Winberg et al., 1998). This work
spacing, and identity at the amino acid level over theirprovides an exciting new line of inquiry directed toward
entire length (Figure 1). The plexin extracellular domainslinking extracellular semaphorin guidance cues with cy-
include three cysteine-rich repeats called Met-relatedtoskeletal alterations in the growth cone.
sequences (MRS) and three motifs rich in glycine andVESPR: Plexins Include Immune System
proline residues (G-P repeats). These repeats are foundSemaphorin Receptors
in all vertebrate and invertebrate plexins. These repeatsSeveral secreted viral semaphorins have been identified
are also found, though in different numbers and withthat are composed almost entirely of a single Sema
altered spacing, in the MET RTK and the MET-relateddomain. To identify host immune system regulators,
RTKs SEA and RON (Ohta et al., 1995; Maestrini et al.,Comeau et al. (1998) undertook a search for a receptor
1996). The intracellular portions of all plexin family mem-for the vaccinia virus A39R semaphorin (Figure 1), a
bers, including VESPR, are highly conserved and con-secreted protein that is found in supernatants from vi-
tain two large blocks of high homology that are sepa-rally infected, but not uninfected, cells. When added to
rated by a variable linker region. Thus, though the degreehuman monocytes, A39R induces a robust response
of homology between the extracellular portion of VESPR
that includes cell aggregation, the induction of the proin-
and all other plexins is rather low, their cytoplasmic do-
flammatory cytokines IL-6 and IL-8, and the increased
mains are substantially more closely related, pointing to-
expression of the monocyte cell surface marker CD54 ward the likelihood that a conserved mode of intracellu-
(intracellular adhesion molecule 1 [ICAM-1]). Using a lar signaling is used by all plexins.
chimeric A39RFc protein, the receptor for A39R was In addition to these conserved motifs, however, addi-
detected on the surface of a human B cell line and tional sequence analyses of plexins (Comeau et al.,
subsequently affinity purified. This receptor, called viral- 1998; Winberg et al., 1998) reveal a fascinating structural
encoded semaphorin protein receptor (VESPR), is ex- feature: the N-terminal portion of the plexin extracellular
pressed on a variety of hematopoietic cells. A39R binds region is in fact a divergent Sema domain, sharing z17%
to recombinant VESPR with high affinity (z6 nM), ac- amino acid identity with semaphorin Sema domains.
counting for the high-affinity binding of A39R to B cells. Further, members of the MET subfamily of RTKs also
These results strongly suggest that inflammatory re- contain similarly located and even more divergent Sema
sponses induced by poxvirus-infected hosts result from domains (z10% identical to semaphorin Sema do-
the action of viral semaphorins through VESPR. Further, mains). Though divergent, these plexin and MET RTK
since viral immune modulators often are closely related Sema domains have most of the conserved cysteine
to mammalian genes involved in host immune system residues and many short peptide sequences that define
regulation, there are likely to be A39R-related mamma- semaphorin Sema domains.
lian proteins that also use VESPR as a receptor. Sema Most of what is known about the function of vertebrate
K1, a class 7 semaphorin that can bind to specific im- plexins in the nervous system comes from the analysis
mune cell lines, is more closely related to semaphorins of Xenopus Plex-1 (Fujisawa et al., 1997). In the visual
in the V class than to any other semaphorins, raising system, Plex-1 is expressed in distinct plexiform layers
the possibility that it may be a ligand for VESPR (Xu et of the optic tectum and in the inner plexiform layer (IPL)
al., 1998). of the neural retina. Plex-1 distribution during neural
Though the amino acid sequence of VESPR does not development eventually becomes restricted to sublami-
immediately suggest how it transduces the cellular ef- nae of the IPL. IPL formation was severely impaired
fects of viral semaphorins, it does provide a clear link when embryonic neural retinas were cultured in the pres-
between the function of semaphorins in the immune ence of anti-plexin-1 antibodies, demonstrating a role
system and in neural development. VESPR is a divergent for Plex-1 in assembly of the IPL. In the developing
member of the plexin family, whose members to date olfactory system, Plex-1 is expressed in the neuropil of
have been best characterized with respect to their ex- the accessory olfactory bulb, on axons of a sub-
pression and function in the developing vertebrate ner- set of primary olfactory receptor neurons, and on axons
vous system (Fujisawa et al., 1997). Xenopus Plexin-1 of vomeronasal receptor neurons. Axons of Plex-1-
(Plex-1) was the first member of the plexin family to be expressing primary olfactory receptor neurons join the
characterized. It was found in a screen for antigens olfactory nerve and remain fasciculated until they segre-
gate into their specific glomerular targets in the olfactorywhose expression pattern in the optic tectum suggested
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bulb. The vomeronasal axons are derived from neurons
in the vomeronasal organ, extend in the vomeronasal
nerve, and contact their targets in the accessory olfac-
tory bulb. Plex-1 distribution in both the visual system
and olfactory system suggested a role for this protein
in fasciculation and target recognition events involving
homophilic Plex-1 interactions. Plex-1 can in fact func-
tion as a divalent cation-dependent homophilic cell ad-
hesion molecule in both cell aggregation and adhesion
assays (Fujisawa et al., 1997). It remains to be shown,
however, that Plex-1 functions in vivo as an adhesion
molecule. Comeau et al. (1998) and Winberg et al. (1998)
provide compelling evidence for plexins serving as re-
ceptors for class V and I semaphorins, proteins whose
extracellular domains contain Sema domains and no
other obvious structural motifs. This raises the intriguing
possibility that many additional layers of complexity may
underlie homotypic and heterotypic interactions be-
tween various semaphorins.
Drosophila Plexin A Is a Semaphorin Receptor
Both PlexA and PlexB are expressed primarily in the
embryonic Drosophila CNS during the time when both
Figure 2. PlexA and Sema1a Exhibit Genetic Interactions Indicative
central and peripheral pathfinding events are taking of a Receptor/Ligand Pair Required for Repulsive Motor Axon
place. Though a precise assessment of the distribution Guidance
of Plex A and B proteins awaits the generation of anti- Schematics of Drosophila embryonic motor axon branches in the
bodies, the expression patterns of the plexin transcripts ventral muscles of abdominal segments in wild-type and in various
suggested that genetic analyses should yield informa- genetic backgrounds are shown with both internal lateral (left) and
cross sectional (right) views of a subset of muscles and motor axontion about the role played by plexins in both central and
pathways.peripheral axon guidance events. PlexA loss-of-function
(A) Wild-type, Sema1a/1, and PlexA/1 embryos display a normalmutations do indeed provide important clues about how
ISNb pathway. ISNb phenotypes in PlexA/PlexA embryos (see [B])
Plex A mediates repulsive guidance signals, and addi- are partially suppressed in FasII/1;PlexA/PlexA embryos.
tional genetic and biochemical experiments show that (B) In the indicated genetic backgrounds, the ISNb shows defasicu-
this involves direct interactions with the class 1 sema- lation defects (see text).
phorin Sema 1a. (C) In wild-type embryos that ectopically express Sema 1a on mus-
cles 6 and 7 (orange), RP3 fails to defasciculate from the ISNb andTo establish mature axonal trajectories, axon fascicu-
form its normal synaptic arborization.lation and defasiculation must be tightly regulated. This
(D) This RP3 defasiculation phenotype (shown in [C]) can be partiallyregulation results from a balance between attractive and
suppressed by removal of one copy of PlexA.
repulsive guidance cues, many of which are located on
axons themselves while others are distributed in the
surrounding environment (Tessier-Lavigne and Good-
these defasiculation defects (along with other defectsman, 1996). The generation of neuromuscular connectiv-
in the PNS and CNS not discussed here) are identicality in the Drosophila embryo provides one of the best
to those seen in Sema1a mutants (Yu et al., 1998). Thisexamples of these forces at work, and it is here that
suggests, especially in light of the fact that Sema 1a isPlex A can most easily be seen to function as a receptor
found on all motor axons, that Plex A and Sema 1afor Sema 1a. During Drosophila neural development,
function in a common pathway required for axon defasi-motoneurons that innervate ventral muscles exit from
culation. To test this idea, embryos heterozygous forthe CNS in a large fascicle called the intersegmental
both PlexA and Sema1a were examined for dominantnerve (ISN) (Figure 2A). These motoneurons defascicu-
genetic interactions. While neither heterozygote alonelate from the ISN and extend into the ventral muscle
showed defasiculation defects, removing one dose offield in a single pathway called the ISNb. Subsequent
both PlexA and Sema1a resulted in defects similar todefasiculation events result in individual motoneurons
either single mutant alone (Figure 2B). Additional sup-leaving the ISNb and elaborating synaptic arborizations
port for a Plex A/Sema 1a interaction in repulsive motoron their target muscles. For example, the RP3 motoneu-
axon guidance comes from experiments showing thatron axon defasciculates from the ISNb at muscles 6 and
removal of one copy of the PlexA gene can suppress7 and establishes contacts with these targets, while
the failure of RP3 innervation observed when Sema 1aaxons from other motoneurons extend further dorsally
is ectopically expressed on muscles 6 and 7 (Figuresbefore leaving the ISNb and contacting their muscle
2C and 2D). Motor axon defasciculation defects in PlexAtargets.
mutants can also be partially restored by the simultane-PlexA mutants show specific defasciculation defects
ous removal of an attractive cue located on motor axons,that include a failure of RP3 to leave the ISNb and con-
the cell adhesion molecule fasciclin II (Figure 2A). Sincetact muscles 6 and 7. In addition, more dorsally ex-
fasciclin II has been shown to promote axon fascicula-tending motor axons fail to defasciculate and contact
tion, this provides further support for the essential roletheir targets, which results in stalling of these axons
between muscles 6 and 13 (Figure 2B). Remarkably, played by Plex A in repulsive guidance events leading
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to defasiculation of motor axons. Finally, overexpression is possible that semaphorins act to antagonize plexin/
plexin associations and that transmembrane semapho-of Plex A in neurons disrupts motor axon pathfinding,
rins themselves may function as semaphorin receptors.in some cases causing phenotypes opposite to those
This is suggested by the observation that plexins andobserved in PlexA mutants.
semaphorins both contain sema domains, in combina-The genetic interactions between PlexA and Sema1a
tion with the fact that plexins are semaphorin receptorssuggest that Plex A functions downstream from Sema
and that plexins can also function as homophilic cell1a as a receptor. This is supported by direct evidence
adhesion molecules. The class 4 transmembrane sema-of Plex A and Sema 1a binding interactions. A Sema 1a
phorin CD100 appears to have some immune systemalkaline phosphatase fusion protein binds to mem-
functions consistent with its functioning as a receptorbranes from Plex A expressing COS cells with a Kd of z2
(Hall et al., 1996), and it remains to be determinednM. Similar to homophilic vertebrate Plex-1 interactions,
whether this or other transmembrane semaphorins actthis interaction requires divalent cations and further dis-
similarly in neurons. Regardless of complexity in sema-tinguishes plexin/class 1 semaphorin associations from
phorin/plexin interactions, however, it is clear that muchthose observed between neuropilins and class 3 sema-
will be learned about the mechanisms of repulsive guid-phorins, which are independent of divalent cations. Plex
ance from analysis of how the conserved plexin cyto-A can also bind to a class 1 Drosophila semaphorin
plasmic domains interact with cytosolic signal±trans-related to Sema 1a called Sema 1b, and Sema 1b is
ducing components following activation by semaphorincapable of functioning as a repellent for motor axons.
binding.In combination with the observation that there are some
additional neuronal defects in PlexA mutants that are
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